We have developed silica stabilized ferrimagnetic magnetite nanocubes (MNCs) as effective heat mediators for magnetic hyperthermia. To do that, large hydrophobic magnetite nanoparticles, with a mean size of 79 and 124 nm were synthesized and transferred to water by silica surface modification. The heating ability of these water suspensions was studied by measuring the Specific Power Absorption (SPA) applying an AC magnetic field of amplitude H 0 = 45 kA/m and frequency f = 360 kHz. High SPA values were obtained, ranging from 560 to 1160 W/g. The normalization of the SPA values by the inverse of the frequency and squared field amplitude was performed in order to compare our results with these described in literature. The SPA value for our samples, normalized in this way, yielded values of 0.7-1.5 nH m 2 /kg.
INTRODUCTION
Magnetic iron oxide nanoparticles (MNPs), especially magnetite, have triggered great interest because they constitute valuable platforms with potential exploitation in many areas like catalysis [1] , magnetic fluids [2] , data storage [3] and biomedicine [4] . Regarding the latter, MNPs have been proposed as magnetic drug carriers [5] for magnetic separation [6] , as contrast agents in magnetic resonance imaging [7] , or as heat mediators in hyperthermia treatments [8] . Magnetic hyperthermia is the base of a therapeutic treatment which uses magnetic nanoparticles to increase the temperature of cancer cells [9, 10] . The study of the heating capacity of magnetite nanoparticles has been mainly focused on MNPs having average diameters <30 nm, because larger particles have poor colloidal stability and are thus difficult to manipulate. Therefore, studies dealing with the heating efficiency of larger MNPs are rather scarce.
Recently, much attention has been focused on the synthesis of uniformly sized magnetite nanoparticles [11] . Superparamagnetic nanoparticles have generally been widely used because of either they have the high colloidal stability demanded by biological applications or no synthetic methods were described until very recently to prepare highly uniform soft ferromagnetic nanoparticles with larger sizes [12] . Magnetite nanoparticles are generally prepared by two procedures: coprecipitation of iron salts in aqueous media and thermal decomposition of an organometallic precursor in *Address correspondence to these authors at the Instituto de Ciencia y Tecnología de Polímeros (ICTP-CSIC), Juan de la Cierva 3, 28006 (Madrid), Spain; E-mail: gema.marcelo@ictp.csic.es; **Instituto de Nanociencia de Aragón (INA), Universidad de Zaragoza. Ed. I+D -Calle Mariano Esquillor s/n -50018 -Zaragoza -Spain; E-mail: goya@unizar.es organic solvents [13] . By the last method a suspension of the magnetic nanoparticles in an hydrophobic organic solvent is obtained. On the other hand, the high crystallinity of the particles from the high temperature synthesis in hydrophobic solvent is a determining parameter to obtain high-quality magnetic nanoparticles [14, 15] .
The biological application of the magnetite nanoparticles in hyperthermia of cancer cells, requires colloidal stability in aqueous media. Among the different strategies to improve water colloid stability, silica coating is one of the most used methods for nanoparticle surface modification. The silica coating provides the colloidal stability required for biological applications by avoiding particle interactions and agglomeration. On the other hand, the biocompatibility of the silica is well-known [16, 17] .
In magnetic hyperthermia, the heat generation under exposure of the magnetic nanoparticles to an alternating magnetic field results either from hysteresis losses or from Néel or Brown relaxation of the magnetic nanoparticles used as heating agents [18, 19] . The heating ability of magnetic nanoparticles under an alternating magnetic field is expressed by the specific power absorption rate (SPA) which provides a measure of the rate at which energy is absorbed per unit mass of the magnetic material [20] . Natural magnetosomes presented in magnetotactic bacteria which contains single domain magnetite nanoparticles with sizes in the 30-100 nm range have so far shown the highest values of SPA, nearly 1 kW/g at 410 kHz and 10 kA/m [21, 22] .
Almost all studies in literature dealing with the heating capability of synthetic magnetite nanoparticles are focused on superparamagnetic magnetite nanoparticles prepared by a hydrophilic route like coprecipitation, and report SPA values reaching up to few hundreds of W/g [23] [24] [25] [26] [27] . There are only a few studies reporting on the heating ability of magnetite nanoparticles prepared by high temperature route and most of them focus on the study of the hyperthermia performance of magnetite nanoparticles with size below 20 nm. For example, remarkable SPA values of magnetite nanoparticles coated with sugar, with sizes ranging between 4 and 35 nm were reported [28] : the smallest did not produce significant heating and the highest SPA value was obtained for the largest iron oxide nanoparticles (76 W/g with a magnetic field of 168 kHz and 21 kA/m). The authors also observed that upon doubling the frequency, the SPA changed from 61 to 185 W/g for the 16 nm magnetite nanoparticles. In another work, SPA values of iron oxides prepared with a good size control between 6 and 18 nm were much lower than those afforded by magnetite nanoparticles with similar sizes synthesized by coprecipitation [29] . Among the studies dealing with magnetite nanoparticles with size above 20 nm, SPA values for cubic iron oxide nanoparticles with sizes ranging from 12 up to 38 nm have been determined [30] . The authors found that the 19 nm iron oxide nanoparticles presented the highest SPA values, 2277 W/g at 700 kHz and 21 kA/m and 1000 W/g at 325 kHz and 22 kA/m, almost the highest values measured so far for iron oxide nanocrystals [17] . Finally, Hyeon et al. following his pioneering synthesis method for monodisperse soft ferromagnetic magnetite nanoparticles [10] prepared 30 nm magnetite nanoparticles stabilized either with chitosan or polyethylene glycol-phospholipid and studied the heating performance [31] . They reported high SPA values, 2614 W/g and 1792 W/g respectively, applying an alternating magnetic field with a frequency of 1 MHz and amplitude of 660 A/m.
The SPA value of a magnetic fluid will change when it is measured in AC magnetic field systems with different frequencies and strengths. In order to compare the wide range of values presented in literature, which have been reported for different magnetic colloids at different frequencies and amplitudes, Kallumadil et al. [27] introduced the intrinsic SPA, a normalization of SPA parameter by dividing by the field frequency and the squared field amplitude. They studied the heating ability of a selection of commercial ferrofluids and compared their intrinsic SPA values.
Here, the study of the hyperthermia performance of large ferrimagnetic magnetite nanoparticles (both 79 and 124 nm) which were obtained by thermal decomposition route is presented. In order to improve their colloid stability in water and decrease the dipole-dipole interaction, these nanoparticles were coated with a thin silica shell. The effect of the silica shell on the heating performance of the nanoparticles was evaluated. The intrinsic SPA values were calculated according to Kallumadil definition, to be compared with the wide reported information dealing with the heating ability of magnetite nanoparticles.
EXPERIMENTAL Materials
Iron (III) acetylacetonate, oleic acid, dibenzyl ether, tetraethylorthosilicate (TEOS) ( 99.0 %), 3-(trihydroxysilyl)propyl methyl phosphonate monosodium salt (THPMP) (42 wt. % solution in water), absolute ethanol (EtOH), trisodium citrate, and ammonium hydroxide (25 wt%) were all purchased from Aldrich.
Measurements
Transmission electron microscopy (TEM) images were obtained with a STEM Zeiss 910 equipment. Scanning electron microscopy (SEM) measurements were performed using a field emission scanning electron microscope (FE-SEM) (Hitachi, SU 8000, Japan) at 5 kV in transmitted electron imaging mode. TEM/SEM samples were prepared by dropping a dispersion of magnetite particles in hexane, or in case of the magnetite nanoparticles coated with silica a dispersion in ethanol was dropped onto a carbon-coated copper grid.
The field dependence of the magnetization was obtained using a superconducting quantum interference device magnetometer (SQUID, Quantum Design, MPMS-XL) operated at 300 K.
X-ray Diffraction (XRD) patterns were recorded in the reflection mode by using a Bruker D8 Advance diffractometer with a PSD Vantec detector (from Bruker, Madison, Wisconsin). Cu K radiation ( = 0.1542 nm) was used, operating at 40 kV and 40 mA. The parallel beam optics was adjusted by a parabolic Göbel mirror with horizontal grazing incidence Soller slit of 0.12° and LiF monochromator. The equipment was calibrated with different standards. A step scanning mode was employed for the detector. The diffraction scans were collected within the range of 2 = 5-80°, with a 2 step of 0.024° and 0.5 s per step. Ultrasonic cleaner bath from Elma was used with ultrasonic frequencies of 35 kHz during the silica coating process.
Power absorption measurements were performed using a commercial AC applicator (EasyHeat) working at 360 kHz and field amplitudes up to 45 kA/m equipped with an adiabatic sample space (0.5 ml) for measurements in liquid phase. Temperature data were taken using a fiber optic temperature probe (Reflex, Neoptix) immune to radio frequency environments. The experiments were carried at concentrations close to 1% wt. as standard range of sample concentration.
Synthesis of Magnetite Nanoparticles
Two magnetite nanoparticle preparations were carried out and the resulting magnetite nanoparticles were named as 
Silica Coating
The magnetite nanoparticles were coated with silica according to a previous work [32] Then, the obtained product of the different silica coating was magnetically separated and cleaned several times with water and with ethanol for at least 5 times.
RESULTS AND DISCUSSION
Hyeon et al. have first reported the synthesis of uniform ferromagnetic magnetite nanocubes with sizes ranging from 20 to 160 nm by treatment of iron (III) acetylacetonate at 295 ºC in presence of dibenzyl ethert and oleic acid [10] . The size of the nanoparticles could be tuned by changing either the concentration of reagents or the reaction time.
In the present work, this synthetic method was followed in order to obtain two highly monodisperse samples of two different sizes of large cubic magnetite nanoparticles, with a good control in size. The syntheses were carried out at two different reaction times, 30 min and 1h and 30 min, keeping constant the regents concentration ratio. -Bsilica2, kept the initial cubic shape of the magnetite nanoparticles. Moreover, all silica coated particles contained a single magnetic core, being the silica shell highly uniform. Mostly, the particles were forming large aggregates in which the nanoparticles were self-assembled in linear arrangements because of dipole-dipole magnetic interactions. Figs. (1 and 2) ), taking into account the increase in size due to the silica coating. 
MAGNETIC BEHAVIOR OF THE Fe 3 O 4 NANOCUBES
Figs. (6 and 7) In all the cases, a decrease in the Ms and an increase in the coercivity are observable after silica coating, (see Table  1 ). The observed decrease was from 89.4 to 53.0 Am 2 /kg for Fe 3 O 4 -Asilica1. In case of Fe 3 O 4 -B NPs, silica modification reduced saturation magnetization from 84.8 to 57 and 56 A m 2 /kg Fe 3 O 4 -Bsilica1 and Fe 3 O 4 -Bsilica2 NPs, respectively, in agreement with the known effects of different coating on the magnetic spin order at the surface of the MNPs [37] . The reduction in Ms values, (see Table 1 ), in all cases could be attributed to a lower content of the magnetic phase. Fig. (8) shows the time dependence of the temperature of a water dispersion of the Fe 3 O 4 -A silica1 NPs at a concentration ca. 0.6% wt., measured applying an AC magnetic field amplitude H 0 = 45 kA/m and frequency f = 360 kHz. A temperature increase of approximately 20ºC during the first 10 seconds was observed for samples Fe 3 O 4 -A NPs and Fe 3 O 4 -B NPs as well as for the corresponding silica coated nanoparticles. The observed heating is due to the power absorption by the magnetic cores and their actual efficiency for power absorption strongly depends on the particle size and size distribution [35, 38, 39] . To model the heating mechanisms by MNPs under alternating fields, the concepts of magnetic relaxation and/or hysteretic losses are used. However, these definitions have also been proposed as artificial, [38] and a unifying approach through the Stoner-Wohlfarth model [39] has been proposed instead. The domain of validity of the linear response theory (LRT) based on the Neel-Brown relaxation time [40] usually applies for Fe 3 O 4 MNPs under frequencies and amplitudes used for magnetic hyperthermia.
POWER ABSORPTION MEASUREMENTS
The main parameter characterizing the heating efficiency of a magnetic colloid is the specific power absorption (SPA), which represents the power released by the magnetic colloid per unit mass of MNPs. The experimental determination of the SPA is based on the relationship [41] .
where C c is the specific heat capacity of the solvent, c the density of the solvent and s the wt.% concentration of MNPs. The SPA values were extracted from the initial slope of the corresponding temperature versus time curves. As a general trend, the 79 nm MNPs (B-series) showed larger SPA values than the 124 nm ones (A-series) (877 and 1064 W/g for Fe 3 O 4 -A and Fe 3 O 4 -B, respectively). The origin of this difference is the known dependence of the SPA with the particle size, i.e., a bell-shaped function with a maximum centered between 20-40 nm as reported by many authors. After silica coating, the 79 nm magnetite nanocubes showed a slightly higher SPA value, which could be attributed to the higher separation of the MNPs due to the silica [42] . In the case of silica coating of the 124 nm magnetite nanocubes, a lower SPA value was obtained. We assigned this decrement to the fact that the silica layer could be acting in this case as a thermal barrier for the heating generated by the magnetic cores [43] .
When comparing SPA values from different authors it is important to consider that these values depend on the actual amplitude and frequency of the magnetic field used in each experiment. Therefore the values should be 'normalized' by these magnitudes before effective comparison can be made. However, since there is a lack of analytical solution of the SPA model providing its functional field-and frequency dependence, such normalization has not yet been done. Although some physical models of power absorption yielding frequency-independent expressions of SPA have been developed [44] , the specific dependence of SPA with both f and H is known to depend on both the magnetic anisotropy of the samples and the magnitude of the field and frequency applied. The comparison of the experimental data collected by distinct authors at different conditions (ac magnetic field with distinct amplitude and frequency) has been undertaken by Kallumadil et al. [27] through the normalization of the SPA values using the inverse of the frequency and squared field amplitude, i.e., the factor 1/H 0 2 f. This approach is valid only in the so-called linear regime , i.e., where the amplitude of the applied field is small compared to the anisotropy field H K =M S /K eff . In this way, the values of ILP observed for Fe 3 O 4 nanoparticles are in general around 1-4 nH m 2 /kg [27] . Only for comparative purposes, the ILP values for the samples reported here are collected in Table 1 , where it can be seen that our samples displayed ILP values of 0.7-1.5 nH m 2 /kg. These results have to be taken with caution since in Fe 3 O 4 the power absorption mechanisms also involve Neel relaxation processes, turning the linear approximation a non-valid theoretical framework for our samples.
We carried out the normalization of SPA values reported in literature and mentioned in the introduction for magnetite nanoparticles synthesized by a hydrophobic route. ILP values were collected in Table 2 . In general, normalization provided higher ILP values than ours. This fact could be an indication of a deviation from the linear response regime. For high amplitude fields as the ones used in the experiments, [45] . Since the samples in our work were measured at a fixed field amplitude of 45 kA/m, it is possible that the saturation region had been reached, resulting in a lower value of normalized SPA. In this region, the increase of the SPA with H is slower than predicted for the linear response theory so, when normalizing with the factor 1/H 0 2 f the obtained value is smaller than the results for lower amplitudes. It is necessary to determine the maximum field strength at where the linear response is valid in order to obtain the optimal normalized value.
CONCLUSIONS
Large hydrophobic cubic magnetite nanoparticles, with sizes of 79 and 124 nm were synthesised and transferred to water by silica coating modification. The silica coating modification provided colloids with a great stability in water. These nanoparticles and their silica modifications demonstrated to have a ferrimagnetic behavior which increased with the size of magnetite particle.
The heating ability of the silica coated nanocubes was studied by applying an AC magnetic field amplitude H 0 = 45 kA/m and frequency f = 360 kHz. High SPA values were obtained ranging from 560 to 1160 W/g. Silica coating provides a great water colloid stability without having no influence on the SPA values. In order to compare the results with others in literature, the normalization of SPA described by Kallumadil et al. was performed. Our ILP values are in the same range than those of many commercial ferrofluids, but they are lower than those obtained from SPA values reported in literature for magnetite nanoparticles obtained by a hydrophobic route. 
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